The adhesion of thermal barrier coatings (TBC) has been studied using the standard method described in ASTM C633, which makes use of a tensile test machine to measure the adhesion. The studied specimens consist of air plasma sprayed (APS) TBC deposited on disc-shaped substrate coupons of Ni-base alloy Hastelloy X. The bond coat (BC) is of a NiCoCrAlY type and the top coat (TC) consists of yttria-stabilised-zirconia. Before the adhesion test, the specimens were subjected to three different heat treatments: 1) isothermal oxidation at 1100 up to 290 h, 2) thermal cycling fatigue (TCF) at 1100 up to 300 cycles and 3) thermal shock at ∼ 1140 BC/TC interface temperature up to 1150 cycles. The adhesion of the specimens is reported and accompanied by a microstructural study of the BC and the thermally grown oxides (TGO), as well as a discussion on the influence of BC/TC interfacial damage on adhesion properties of TBC. The adhesion was * Corresponding author. Tel.: +46 13 284410; fax: +46 13 282505. E-mail address: robert.eriksson@liu.se Preprint submitted to Surface and Coatings Technology June 4, 2011 found to vary with heat treatment, as well as with heat treatment length.
Introduction
Due to the increased fuel efficiency that can be achieved by increasing combustion temperature, the development of gas turbines has inevitably led to increased service temperatures, [1] . However, the subsequent severity of high temperature phenomena, such as rapid oxidation and loss in mechanical properties, significantly lowers the service life of metallic components and must therefore be avoided. Thermal barrier coatings (TBCs) are frequently used in gas turbines to reduce such high temperature degradation by providing insulation, hence lowering the temperature of the metal substrate, [2] [3] [4] [5] .
Thermal barrier coatings consist of a ceramic top coat (TC), which provides the necessary insulation, and a metallic bond coat (BC) to improve bonding and oxidation resistance. The TC typically consists of 6-8 % Y 2 O 3 -stabilised-ZrO 2 and the BC usually consists of MCrAlY where M is metals such as Ni, Co and, for some applications, Fe, [4, 6] .
A common method for deposition of TBCs is air plasma spraying (APS), [1] , which provides high enough temperatures to melt the ZrO 2 . The raw material, in powder form, is fed into a plasma flame which melts the powder into droplets and accelerates them towards the substrate. The TBC is formed as the splats formed on impact with the substrate build up. The BC can, in addition to APS, also be deposited by vacuum plasma spraying, [1, 7, 8] .
During high temperature exposure the BC will oxidise and form thermally grown oxides (TGOs), predominantly in the BC/TC interface but also within the BC. The growth of the BC/TC interfacial TGO typically follows a powerlaw expression, [9, 10] :
where h TGO is the TGO thickness as function of time, t, and K is the oxide growth rate constant.
Al is present as alloying element in BCs, predominantly bound in the β-NiAl phase, [11] [12] [13] , to promote the formation of a protective layer of BC/TC interface alumina, Al 2 O 3 . The protective Al 2 O 3 layer will prevail as long as there is enough Al left in the BC to maintain the Al 2 O 3 layer by suppressing the formation of non-protective oxides, [14] [15] [16] . As Al is consumed by the growing TGO and interdiffusion with the substrate, the Alrich phase β-NiAl will dissolve, [17] ; this change in microstructure is referred to as β-phase depletion. The depletion of Al eventually causes breakdown of the protective layer of interface TGOs since non-protective oxides, such as chromia (Cr, Al) 2 O 3 and spinels (Ni, Co)(Al, Cr) 2 O 4 , will form, [18] [19] [20] [21] .
Such non-protective oxides are generally considered detrimental for the life of TBCs, [21] [22] [23] .
TBC systems exposed to thermal cycling will also degrade due to fatigue.
Fatigue cracks grow due to thermal stresses introduced by differences in the coefficient of thermal expansion between the metallic BC and ceramic TC, [24] . Fatigue degradation of TBCs is often thought to occur by the simultaneous growth of many microcracks, preferably at the BC/TC interface, [25] , and thus influenced by the stresses introduced by the growing interface TGO, 3 [24] . The final failure occurs by large-scale coalescence of many microcracks which causes the TC to delaminate and eventually to spall off, [21, 22, 26] .
Failures that reveal the interface TGO or BC will appear dark to the eye and are referred to as black fracture. In analogy, failures that occur in the TC are referred to as white fracture, [21] . Fracture surfaces may also display a mixed-type fracture where both types of fracture mechanism, black and white, are present.
Several methods are available for evaluating the adhesion of TBCs, [27] [28] [29] [30] [31] [32] [33] . One of them, and the one of concern in the present study, is the tensile adhesion test (TAT) described in ASTM C633, according to which one uses a common tensile test machine to measure the adhesive strength of a TBC system. Previous tensile adhesion tests of APS and high-velocity oxyfuel sprayed TBC systems have shown that TBC systems mainly fracture close to the BC/TC interface and give adhesion strengths of 10-50 MPa, [34] [35] [36] [37] . Fracture toughness measurement by Vickers indentation has also been shown applicable to coatings, [27, 36, 38, 39] , and a correlation has been found between tensile adhesion strength and interface indentation toughness, [27, 36] . Tensile adhesion of heat treated coatings has been somewhat studied, [31, 34, 39, 40] : TBC systems exposed to short, (2 h), heat treatments exhibited an increase in adhesion strength, [34] , while thermal cycling decreased the adhesion strength, [40] . While some work has been done, no extensive study has so far been done on the influence of various heat treatments on the tensile adhesion of TBC systems. In the present study, adhesion tests have been conducted on as-sprayed and heat treated TBC coatings deposited on Ni-base substrates. Three different heat treatments have been used and a 4 comparison has been made between their corresponding adhesion strengths.
Furthermore, the microstructural degradation and oxidation behaviour has been characterised for the different heat treatments.
Experimental

Material
The specimens in the present study consist of TBC deposited on substrates of the Ni-base alloy Hastelloy X, which has composition: Ni-22 Cr- 
Heat treatment
The specimens where subjected to three different heat treatments: 1) isothermal oxidation, 2) thermal cycling fatigue (TCF) (performed at Siemens Industrial Turbomachinery) and 3) burner rig test (BRT) using a thermal shock rig (TSR) (performed at Volvo Aero Corporation). The heat treatments were performed for varying lengths of time as summarised in Table 1 .
The isothermal oxidation was conducted at 1100 at atmospheric conditions for times up to 290 h. When removed from the furnace, the specimens were left to cool in air.
Thermal cycling fatigue involves placing the specimens on a palette which is moved in and out of a furnace, thus cycling between high and low temperatures. One cycle consist of high temperature exposure at 1100 for 60 min.
The specimens are then moved out of the furnace and cooled by compressed air for 10 min thereby reaching a minimum temperature of 100 . Of the 60 min high temperature exposure, approximately 6 min are required to reach maximum temperature.
The thermal shock rig is used to test the thermal shock resistance of and thermal conductivity data from Ref. [41] , predicts that the BC temperature will be approximately 1140 . The rig is further described in Ref. [42] and a temperature curve for a similar cycle is available in Ref. [43] . 
Adhesion test
The heat-treated specimens were subjected to adhesion tests using ASTM
C633 Standard Test Method for Adhesion or Cohesion Strength of Thermal
Spray Coatings. The method involves fastening the specimen to two rods using FM1000 epoxy adhesive, enabling the specimen to be mounted in a tensile test machine equipped with universal joints. The specimen was loaded until fracture and the corresponding fracture stress was recorded. The number of specimens used is shown in Table 1 . Further details regarding the test method can be found in the ASTM standard, [44] .
Specimen preparation and microscopy
From each of the heat treatments, two specimens were cross-sectioned and mounted for microscopy: one as-is and one adhesion-tested (i.e. the resulting fracture surface from the adhesion test). The specimens were epoxy infiltrated in vacuum, hot mounted and then ground with diamond abrasives down to 1 µm and polished using alumina dispersion.
For each of the three heat treatments, the interface TGO thickness was measured in light optical microscope (LOM). The thickness of the oxide layer was measured at 100 equidistant points distributed over the length of the cross-section; the thickness was measured between the BC/TGO interface and the TGO/TC interface hence including all present oxides in the measurement, regardless of whether the oxide was a smooth layer or a bulky oxide cluster. The oxide thickness has been measured perpendicular to the BC/TGO interface.
After the adhesion test, some residual TC still remains on the substrate side of the fracture surface. The cross-sectioned fracture surfaces were used Microscopy studies were performed with a Nikon optiphot LOM and a
FEG-SEM Hitachi SU-70 equipped with an EDS detector from Oxford In-
struments. Before analysis in SEM, the specimens were coated with approximately 25 nm of carbon.
Results
Microstructural development and TGO formation
The as-sprayed BC microstructure consists of rapidly solidified splats in which the occurrence of β-phase is sparse; the formation of the β-NiAl occurs as soon the specimens are exposed to high temperature. Also displayed in Fig. 1 is the microstructure of the isothermally oxidized specimens. For 1 h of high temperature exposure, Fig. 1 c) , the microstructure consists of large amount of β-phase, as for the BRT subjected specimens.
For 23 h of high temperature exposure, Fig. 1 d) , the β-phase depletion has already advanced so far that no β can be observed in the top and bottom regions of the BC; 47 h of high temperature exposure further decreases the amount of β and at 111 h the β-phase is essentially gone. The interface TGO thickness for isothermal oxidation and TCF, as a function of high temperature exposure time, is shown in Fig. 5 a) , which also displays curve fits using Eq. 1 with n = 3. Fig. 5 b) shows the interface TGO thickness for BRT and TCF subjected specimens as a function of cycles; due to shorter high-temperature exposure, BRT gives thinner interface TGO than TCF. The error bars in Fig. 5 show one standard deviation, the large scatter is due to voluminous oxides such as Cr-, Ni-and spinel type oxides, which are included in the TGO thickness measurement, (as explained in section 2.4).
Adhesion of TBC
The adhesion of the TC has been found to vary with high temperature exposure time and number of cycles. The change in adhesion as a function of interface TGO thickness is displayed in Fig. 6 b) . (The adhesion has been plotted versus TGO thickness out of necessity, since the total hightemperature exposure time for BRT cannot be accurately estimated. The TGO thickness may, in this context, be thought of as describing cumulative high temperature exposure time.) Compared to the as-sprayed condition, isothermally heat treating the coupons for a short period of time increases the adhesion. As seen in Fig. 6 a) , isothermal heat treatment for 1 h only gives a modest increase in adhesion compared to the as-sprayed condition, whereas 23 h gives an increase of about 50 %.
TCF initially also increases the adhesion compared to the as-sprayed specimen, Fig. 6 b) , but for continuing cycling the adhesion decreases. As the interface TGO thickens the two cyclic heat treatments both lower the adhesion, BRT more severely than TCF, whereas it remains essentially constant, or even increases slightly, for isothermal oxidation, Fig. 6 b) . Fig. 7 shows the adhesion versus number of cycles, (isothermal oxidation is considered to consist of one cycle). The figure shows a tendency for decreasing adhesion with increasing number of cycles, regardless of testing method.
Damage development during cycling
The TCF subjected specimens display increasing interface damage as the interface TGO thickens. At some locations, preferably at peaks in the BC/TC interface, the TGO has undergone extensive cracking by several parallel horizontal cracks thus layering the TGO, shown in Fig 8 a) . Furthermore, cracks can be seen to run parallel to the BC/TC interface, either entirely in the TGO or, more often, partly in the TGO and partly in the TC, as seen in Fig 8 a) .
The specimens subjected to BRT differ from the TCF subjected specimens by their low amount of quantifiable damage. At the BC/TC interface, damage can hardly be seen at all, except for some sparingly occurring voids between the TGO and the TC. The interface TGO thickness is very low for BRT specimens and no cracked TGO exists at all. Some horizontal cracks can be seen in the TC, Fig. 8 b) ; in this aspect they do, however, not differ sig-nificantly from the TCF subjected specimen in which similar TC inter-splat delaminations can be found.
Discussion
Microstructural development and TGO formation
For BRT the high temperature exposure time is to short to cause any severe microstructural degradation. Even for 1150, the presence of β-phase is abundant, the interface TGO is thin and Fig. 3 b) shows that interdiffusion of Al is very low, even though the substrate material has a low aluminium content which promotes interdiffusion. For TCF, Al depletion due to oxidation and interdiffusion is clearly seen as β-phase depletion, Fig. 1 d) , thick interface TGO, and interdiffusion with the substrate, Fig. 3 b) . However, the EDS data in Fig. 3 b) shows that the Al content remains above the critical 3-5 wt.% below which a protective Al 2 O 3 -layer cannot be maintained, [16, 45] .
The main difference in interface TGO between the heat treatments is the occurrence of bulky oxide clusters, shown in Fig. 4 a) 
Adhesion of TBC and fracture surface characteristics
Even though extensive TGO growth might be considered detrimental to TBC adhesion, it is clear that the increase in interface TGO thickness alone does not explain the lowering of fracture stress as BRT, which has the lowest TGO growth rate, also has the lowest adhesion. The decrease in adhesion is attributed to the introduction of damage in the TC and BC/TC interface during cycling, [40] . BRT gives the lowest adhesion values at a given TGO thickness as it is exposed to a larger number of cycles per µm of developed TGO. BRT, however, gives a slower decrease in adhesion per cycle: ∼ 1.5 ·
10
−3 MPa/cycle for BRT, compared to ∼ 20 · 10 −3 MPa/cycle for TCF.
The modest increase of adhesion, Fig. 6 a) , for 1 h of isothermal oxidation is taken as an indication that the decrease of residual stresses, (that is likely to occur for 1 h at 1100 , [39]), does not, alone, explain the increase in tensile adhesion. It is rather the development of a thin alumina interface TGO that gives an increase in adhesion for these specimens, [34, 39, [51] [52] [53] [54] .
The slight increase in adhesion that occurs for further isothermal oxidation is likely due to sintering.
The fracture surfaces from the adhesion test have been characterised by two parameters: fraction black fracture and the height of the residual TC remaining on the BC after adhesion test, see Fig. 9 , the results are reported in Table 2 . The isothermal heat treatment typically gives large amount of white fracture, ( 4 % black fracture), as does TCF up to 48 cycles; at 300 13 cycles TCF gives ∼ 15 % black fracture, Table 2 and Fig. 10 a) . This transition of fracture mechanism from mainly TC fracture to increasing fractions of interface fracture is most likely due to an increase in interfacial damage. The increasing amount of voluminous non-protective oxides could also decrease the BC/TC interface strength. However, the increase in interface TGO thickness alone does not cause a transition from white to black fracture as demonstrated by the isothermal oxidation which gives predominantly white fracture for all times.
Increasing amount of black fracture with number of cycles can also be seen for BRT where the amount of black fracture increases with number of cycles resulting in ∼ 7 % and ∼ 15 % black fracture for 300 and 1150 cycles respectively, Table 2 and Fig. 10 a) . The specimens subjected to BRT are exposed to a somewhat higher peak temperature, (particularly the top coat), and higher cooling rates, which may introduce damage in the TBC system even though the TGO thickness remains small throughout the testing. It should be noted that 300 cycles of TCF is approximately half the expected life for this TBC, as is 1150 cycles in the case of BRT. Comparing 300 cycles of TCF with 1150 cycles of BRT one finds that the amount of black fracture is roughly the same. Fig. 10 b) shows that as the specimens are subjected to more and more thermal cycles, the white part of the fracture occurs closer and closer to the BC/TC interface. It is also evident from Fig. 10 b) that high adhesion is associated with larger amounts of residual TC, that is, the fracture occurs farther away from the BC/TC interface. Interestingly, even for TCF 300 cycles, which gives a relatively large amount of interfacial damage, the fracture may still occur in the TC rather then in the BC/TC interface; Fig. 9 shows an area where the fracture, despite extensive BC/TC interfacial damage, has occurred in the TC some 50 µm from the BC/TC interface.
Cross-sections of thermally cycled specimens reveal that TCF and BRT differ in that TCF gives much more BC/TC interface damage, shown in Fig 8 a) , [22, 48] . As reported by [26, 43] , thermal shock testing generally results in white fracture; the lack of detectable interfacial damage in BRT-subjected specimens conforms to that. Furthermore, the adhesion of isothermally oxidized specimens reveal that an interface TGO thickness of several µm may still be beneficial to the adhesion of TBC since it gives white fracture.
Conclusions
Air plasma sprayed thermal barrier coatings have been subjected to isother- 
